Abstract. In the adult hippocampal dentate gyrus, newborn granule cells grow dendrites into the molecular layer and send axons into the CA3 region. Several molecular markers have been used to analyze production of these new neurons; however, no good markers for new axons have been described. Here we demonstrate that tau protein isoform with three microtubule binding domains (3R-Tau) is a marker of those axons following an antigen retrieval protocol. By using retrovirus-mediated GFP transduction, GFP can be detected in a period of 7-14 days after viral infection. We also provide a "proof of principle" demonstration of the power of that labeling showing modulation of 3R-Tau positive axons under physiological conditions (exercise and aging) as well as in a FTDP-17 neurodegenerative model and Alzheimer's disease models (mice overexpressing A␤PPsw, ind or GSK3␤). We conclude that 3R-Tau would be an efficient marker and a valuable tool to study new axons in adult neurogenesis as well as in neurodegenerative processes.
INTRODUCTION
The subgranular zone (SGZ) of the hippocampal formation is a region where neurogenesis takes place in adult mammals. In the hippocampus, newly differentiated granule cells grow dendrites into the molecular layer and send axons into the CA3 region. Major glutamatergic synaptic activation from perforant path afferents does not occur until new neurons are two or more weeks old. It coincides with appearance of spines on dendrites of newly born neurons [1] . Within four to six weeks after birth, these neurons become fully integrated in the circuit [2] . The stem cells that exist are a subset of astrocytes [3] . In the SGZ, astrocytes-like (Type B cells) divide to generate intermediate precursors (Type D cells), which remain in clusters of two to four cells in neurogenic niches that are formed by the processes of astrocytes and specialized vasculature [4] . Type D cells progressively generate more differentiated progeny, which eventually mature into granule neurons. There are good markers for labeling different maturative stages of the cellular progeny, but these markers usually label nuclei, soma, or somatodendritic compartments. However, no good markers for new-generated axons have been described. Axons from granule neurons form mossy fibers in the hilar region of dentate gyrus (DG) can be visualized after zinc precipitation using Timm staining. In addition, immunolabeling of zinc transporter-3 which labels synaptic vesicles of granule cell mossy fibers or the calcium binding protein calbindin have been used. However, these approaches label whole perforant tract formed by mature granule cell axons, but no individualized axons can be observed with these two methods. To visualize new axons, fluorescent retrograde tracers [5] and retroviral expression of green florescent protein have been used [6] , but inflammation, degeneration, or DG structure alteration may be an important technical disadvantage that should be taken into account. Nevertheless, if we adopt the theory of recapitulation or embryological parallelism to adult neurogenesis, it can be accepted that adult neurogenesis recapitulates neuronal development [7] . Thus, neuronal cytoskeleton offers us some specific markers which participate in the process of morphological and physiological maturation that takes place in these cells after commitment to neuronal lineage. One of these proteins is tau protein.
Tau is a neuronal microtubule-associated protein that stabilizes neuronal microtubules under normal physiological conditions. Tau plays a key role in the morphogenesis of neurons. The human tau gene contains 16 exons from which different tau isoforms are generated by alternative splicing [8, 9] . Some of these isoforms are selectively expressed during embryonic and early postnatal development [9] [10] [11] , whereas in the human adult central nervous system, six different tau isoforms are expressed that differ in the presence or absence of exons 2, 3, and 10 [12] . Exon 10 encodes one of the four repeat sequences [9, 12] that form the microtubule-binding domain [13] . The presence of exon 10 results in tau with four repeat microtubulebinding sequences (4R), whereas the alternatively spliced isoforms without exon 10 have only three of these sequences (3R). The expression of some of these tau isoforms is developmentally regulated. Thus, isoforms lacking exon 10 (3R-Tau) are found at early developmental stages whereas tau isoforms containing exon 10 (Tau4R) are mainly found in neurons at mature developmental stages [14] .
In this paper, we demonstrate that tau protein isoform with three microtubule binding domains (3R-Tau) is a marker of new axons generated from the SGZ. In addition, we also provide a "proof of principle" demonstration of the power of that labeling showing modulation of 3R-Tau positive axons under physiological (exercise and aging) and pathological conditions (in FTDP-17 and Alzheimer's disease (AD) neurodegenerative mouse models).
MATERIALS AND METHODS

Animals
Eight week old wild-type (wt) male (C57BL/6J) mice were bred at Centro de Biología Molecular Severo Ochoa (Madrid, Spain). Animals were housed at 22 ± 1 • C on a 12/12 h light/dark cycle, with ad libitum access to food and water. Mice were kept under standard laboratory conditions in accordance with European Community Guidelines (directive 86/609/EEC). All animals were handled in strict accordance with good animal practice as defined by the national animal welfare bodies and institutional guidelines. The following animal models have been used: young exercised mice and age-matched sedentary control mice as described previously [15] ; a murine model of Frontotemporal Dementia linked to Parkinsonism associated to chromosome 17 (FTDP-17) (TauVLW mice) [16] ; Glycogen Synthase Kinase 3␤-overexpressing mice (GSK3␤-OE mice) [17] , and murine model overexpressing A␤PPind, sw (A␤PP with Indiana and Swedish mutations) [18] .
Sacrifice
Mice were completely anaesthetized with an intraperitoneal (IP) pentobarbital injection. Animals were then perfused with saline followed by 4% paraformaldehyde in phosphate buffer. The brains of the mice were removed and post-fixed overnight in the same fixative.
Histology
Sagittal sections (50 m thick) from one hemisphere were obtained on a Leica VT1000S vibratome and series of sections were generated comprised of every 8th section. Double or triple immunohistochemistry was performed as described previously [15] . For 3R-Tau detection, sections were processed for antigen retrieval. Sections were immersed in antigen retrieval solution, Citra Plus (BioGenex, Cat.Nos. HK080-9K) and microwave irradiated following manufacturer protocol. Then, a standard protocol for immunohistochemistry was carried out, incubating the sections with the following primary antibodies for 24 to 48 h: mouse anti-3R-Tau (1 : 500, Millipore Cat. Number: 05-803); rabbit antiCalbindin (1 : 1000, Swant); goat anti-doublecortin (DCX, 1 : 500, Santa Cruz); rabbit anti-calretinin (1 : 2000, Swant). The binding of these antibodies was then detected over 24 h at 4 • C with the following donkey Alexa-conjugated secondary antibodies as appropriate (1 : 1000, Molecular Probes, Eugene, OR, US): Anti-rabbit Alexa 555-conjugated (Calbindin and calretinin detection); Anti-goat Alexa 633-conjugated (Doublecortin detection); and Antimouse Alexa 488-conjugated (3R-Tau detection). All the sections were counterstained for 10 min with DAPI (1 : 1000, Calbiochem-EMD Darmstadt, Germany).
For amyloid-␤ antigen retrieval, a 10-min formic acid (70%) incubation was performed prior to microwave irradiation. A rabbit anti-human amyloid-␤ (Millipore; 1 : 1000) was used as a primary antibody followed by incubation with the appropriate secondary antibody as previously described.
Sections were observed under a Zeiss confocal microscope (Zeiss LSM710). Mosaics of low magnification images were obtained using a 10X immersion oil objective and composed using the Zeiss software "Title Scan" tool.
Retrovirus injection
CAG-GFP retroviruses encoding for gfp [1] were used. Plasmids used for the production of GFP expressing retrovirus were a generous gift of Fred H. Gage. Retroviruses were produced by transfection of the 293 cell line as described previously [1] . Retroviral stocks were ultracentrifugated and concentrated to working titers of 1 × 10 7 -2 × 10 8 pfu/ml.
Mice were pre-anaesthetized by IP atropine sulfate (0.1 mg/kg) injection, then anesthetized with chloral hydrate (400 mg/kg, IP), and given 5 mg/kg of ketoprofen subcutaneously and placed in a stereotaxic frame. The scalp was incised and skull hole(s) drilled. Coordinates (mm) relative to bregma in the anteroposterior, mediolateral, and dorsoventral planes were as follows: DG [−2.0, 1.4, 2.2]. 1.5 l/DG of virus solution was infused at 0.2 l/min via glass micropipette, leaving the micropipettes in place an additional 5 min to ensure diffusion.
RESULTS
Axonal labeling with 3R-Tau antibody label DCX-positive cells
We first tested if 3R-Tau antibody was able to label new axons in the hilar portion of the DG. When we performed a standard immunolabeling protocol, the antibody anti-3R-Tau gave a slight signal in the somatic compartment (data not shown). Then, sections were processed for antigen retrieval. Thus, sections were immersed in antigen retrieval solution Citra Plus (BioGenex, Cat.Nos. HK080-9K), microwave irradiated, and then incubated for 15 min at 80 • C. In these new conditions, 3R-Tau antibody labeled the somatic compartment of a subpopulation of cells in the SGZ of the hippocampal DG as well as axonal processes in the hilar region and hippocampal CA3 subfield (Fig. 1A-F) . To identify those cells and taking into account that SGZ is an area where neurogenesis takes place in adult animals and that it has been previously reported that somatodendritic tau colocalizes with DCX [19] [20] [21] , we performed double immunostaining with both antibodies. Figure 1E , F shows a panoramic view of the DG showing that in the majority of the labeled cells DCX and 3R-Tau colocalize (white asterisks) and only a few of them are single DCXpositive labeled (Fig. 1 E, F , white arrowheads). These cells probably represent those cells which initiate a neuronal program but are in the initial stage of neuronal maturation. Next we wanted to demonstrate that axonal processes observed in Fig. 1 corresponded to newborn neurons. In Fig. 1C , D, it can be observed how newborn neurons axonal tract form a bundle (white arrowheads) across the hilus travelling towards CA3 hippocampal subfield, following a maturational program similar to that observed in more mature granule neurons, as previously described [1] . Figure 2A -C shows another panoramic view demonstrating that 3R-Tau-positive axons are arranged longitudinally and parallel to one another in the hilus. Figure 2D -F proves that these axons belong to DCX-positive cells present in SGZ.
Retrovirus-mediated GFP transduction to study the time-course expression of 3R-Tau protein in new neurons
Retrovirus-mediated GFP transduction was used to study the time-course expression of 3R-Tau protein in new neurons. Viruses were delivered to the DG of the mouse hippocampus through stereotaxic surgery. Then, mice were killed at different time points (1, 2, 3, and 8 weeks after viral injection) and GFP and 3R-Tau expression were analyzed by immunohistochemistry (Fig. 3) . Axonal processes were rarely observed 1 week after viral injection, and axonal 3R-Tau immunolabeling was absent in these cells; however, a slight somatodendritic staining was observed in some of the cells analyzed (Fig. 3A-C) . Two week-old neurons showed apical dendrites and axons in the hilar region. These axons, as well as the somatic compartment, were labeled with 3R-Tau antibody (Fig. 3D-I ). Three week-old neurons had more elaborate dendritic arborization. In cells of this age, 3R-Tau was found in the somatic compartment of most of the cells (Fig. 3M-R) , but only few of them expressed 3R-Tau in the axons (white asterisks represent 3R-Tau-positive axons whereas white arrowheads label 3R-Tau-negative − axons). This 3R-Tau staining was detectable both in the subgranular layer where newborn neuron axons begin, as well as in the hilar region and CA3 field (Fig. 3J-L) . Finally, 8 weekold neurons expressed neither axonal nor somatic 3R-Tau.
Modulation of 3R-Tau labeling under physiological conditions and diverse neurodegenerative models
In the dentate gyrus of a 2 month-old mouse, abundant 3R-Tau + cells can be observed, and immature axons form and organized bundles of parallel fibers can be observed through the hilus. Similar to mature granule neuron axons, immature axonal fibers are organized and directed toward the CA3 hippocampal region (Fig. 4A-E) . Young exercised mice show higher number of immature neurons (Fig. 4F, H, I ) than agematched sedentary control mice [15] , as well as higher numbers of immature axons (Fig. 4J) . During aging, a decrease in the number of immature neurons has been reported [22] . In Fig. 4N and O, a reduction in the number of immature axons can be observed, related to the decrease in the number of immature neuroblasts. However, in Fig. 4O , it can be observed how organization of immature axons remains unaltered compared to that of young wt animals. A common feature of several neurodegenerative diseases is the alteration of adult hippocampal neurogenesis rate [22] . In a murine model of FTDP-17 (TauVLW mice), in which mutated human tau expression is known to be related to a dramatic reduction in the number of immature neuroblasts [23] , immature axons appear slightly disorganized in the hilar region and a reduced number of axons can be appreciated in this region (Fig. 4T) . Nevertheless, in GSK3␤-OE mice, the number of immature neuroblasts is known to be drastically increased compared to that of age-matched wt mice [24] , as can be observed in Fig. 4U , W, and X. Accordingly, an increased density of axonal processes can be appreciated in the hilus of this animal model (Fig. 4Y) , correlating with the increase in the number of immature neuroblasts. On the contrary, in aged A␤PPind, sw mice, an AD model, abundant amyloid-␤ plaques can be observed in the hippocampus and cortex of these mice. As can be seen in Fig. 4 Z, AA, AB, AC, and AD, neither immature neuroblasts nor immature axons can be observed in this animal model surrounding amyloid-␤ plaques (Fig. 4  AD) .
DISCUSSION
Here we describe a non-invasive and reproducible labeling protocol to determine properties of new axons generated in the SGZ based in 3R-Tau isoform. The majority of the labeled 3R-Tau cells colocalize with DCX and only a few of them are single DCX-positive labeled. These cells probably represent those cells which initiate a neuronal program but are in the initial stage of neuronal maturation. Using retrovirusmediated GFP transduction, our study demonstrates that 3R-Tau antibody labels newborn neuron axonal processes and, second, that 3R-Tau protein can be detected in the axonal compartment during the second and third week of age, when axons are growing to reach the CA3 region. Finally, 8 week-old neurons expressed neither axonal nor somatic 3R-Tau.
We report here a valuable tool to analyze the rate modulation of adult dentate gyrus under physiological and pathological conditions. Several molecular markers have been used to analyze production of new neurons in adult brain; however, no markers for new axons have been described. Thus, most of the actual investigations in adult neurogenesis only focus their studies in the somatodendritic compartment, while the axonal one has not been extensively analyzed because the lack of appropriate immunological tools. We also provide a "proof of principle" demonstration of the power of that labeling showing modulation of 3R-Tau positive axons under physiological conditions (exercise and aging) and diverse neurodegenerative (FTDP-17 and AD) models. Adult hippocampal neurogenesis is influenced both by external stimuli, such as physical exercise, and by intrinsic conditions like age and disease. We here demonstrate that new axons associated with adult neurogenesis are organized bundle of parallel fibers that can be observed through the hilus and directed toward the CA3 hippocampal region. More interestingly, young exercised mice show higher number of immature axons similar to the increase observed in the number of differentiating neurons in the granule cell layer of the mouse hippocampus [15] . Another model where a modulation of adult neurogenesis is observed is aging. During aging, a decrease in the number of immature neurons has been reported [22] and, in good agreement, a reduction in the number of immature axons labeled with 3R-Tau antibody can be observed. However, in Fig. 4O , it can be observed how organization of immature axons remains unaltered compared to that of young wt animals. Thus, 3R-Tau labeling allows not only quantitative studies of new axons, but also qualitative studies related to the degree of disorganization of these axons.
A common feature of several neurodegenerative diseases is the alteration of adult hippocampal neurogenesis rate [22] . Thus, we here reported that in a murine model of FTDP-17, in which mutated human Fig. 3 . Development of 3R-Tau labeling in newborn neurons. After retrovirus-mediated GFP transduction, mice were killed at different time points and saggital sections were immunolabeled with anti-GFP (green) and anti-3R-Tau (red). DAPI staining in blue. Arrowheads indicate GFP-expressing axons that are 3R-Tau -. Asterisks indicate GFP-expressing axons that are 3R-Tau + . A-C) 1 week post-infection. It should be noted that GFP-expressing cells send short axonal processes to hilar region. These axonal processes are 3R-Tau -. D-I) 2 weeks post-infection. Most of the two-week-old cells are 3R-Tau+ both in the somatodendritic area and in the axonal processes. Cells within this age send an axonal process that crosses the hilus and make its way to CA3 region. J-R) 3 weeks post-infection. Only some of the 3 week-old cells express 3R-Tau in their axons (cells represented in Fig. 3M-O) , whereas other cells are 3R-Tau -(see Fig. 3P-R) . At three weeks of age, most axons derivedtau expression is known to be related to a dramatic reduction in the number of immature neuroblasts [23] , immature axons appear slightly disorganized in the hilar region and a reduced number of axons can be appreciated in this region. Nevertheless, in GSK3␤-overexpressing mice, the number of immature neuroblasts is known to be drastically increased compared to that of age-matched wt mice [24] . Accordingly, an increased density of axonal processes can be appreciated in the hilus of this animal model, correlating with the increase in the number of immature neuroblasts. On the contrary, aged A␤PPind, sw mice with abundant hippocampal amyloid-␤ plaques do not show immature neuroblasts nor can immature axons be detected.
Thus, modulation of 3R-Tau positive axons under physiological conditions as well as in neurodegenerative transgenic models demonstrates that these findings have important implications in defining and understanding the role of adult neurogenesis not only in the somatodendritic compartment but also in the axonal one. 3R-Tau immunolabeling will allow the unraveling of the fundamental properties of these newborn adult axons.
New neurons require a high degree of plasticity. Tau is able to promote polymerization of tubulins [25] and prevent their dynamic instability by its binding to microtubules [26] . The 4R-Tau isoforms promote microtubule assembly at a faster rate than the 3R-Tau isoforms [27] , suggesting that 3R-Tau protein may aid brain development by decreasing microtubule stability. This idea is supported by the expression of tau protein during brain development. Thus, 4R-Tau is not present in fetal human brain in contrast to adult human brain [9, 27, 28] . The same has been observed in fetal mouse brain [29, 30] . Interestingly some differences among species have been observed in adult brain in the expression of tau isoforms. Thus, 3R-Tau isoforms are not present in mature neurons of adult rodents [31, 32] , while the adult human brain contains both tau isoforms [14] .
In conclusion, the observations summarized here favor the suggestion that tau provides a dynamic microtubule network in DCX-positive cells which allow a proper axonal growing in adult neurogenesis. In addition, and taking into account that currently no good axonal marker to study adult neurogenesis exists, we here demonstrate that 3R-Tau can be used to analyze new axons in the SGZ easily after microwave antigen retrieval. Compared to previous approaches, mainly retroviral infection, 3R-Tau immunostaining allows the rapid identification of new axons. Modulation of 3R-Tau positive axons under physiological conditions as well as in neurodegenerative transgenic models demonstrates that these findings have important implications in defining and understanding the role of adult neurogenesis not only in the somatodendritic compartment but also in the axonal one. However, in O, it can be observed how organization of immature axons remains unaltered compared to that of young wt animals (E, J). However, the density of axons is drastically reduced compared to that of young wt animals (E, J). P-T) In a murine model of Frontotemporal Dementia linked to Parkinsonism associated to chromosome 17 (FTDP-17) (TauVLW mice), in which mutated human tau expression is known to be related to a dramatic reduction in the number of immature neuroblasts (P, R, S), immature axons appear slightly disorganized in the hilar region and a reduced number of axons can be appreciated in this region (T). U-Y) In glycogen synthase kinase 3␤-overexpressing mice (GSK3␤-OE mice), the number of immature neuroblasts is known to be drastically increased compared to that of age-matched wt mice, as can be observed in U, W and X. X and Y show the increased density of axonal processes that can be appreciated in the hilus of this animal model, correlating with the increase in the number of immature neuroblasts. Z-AD show representative images of an aged A␤PPind, sw mouse (9 months of age), in which two amyloid-␤ plaques can be observed in the molecular layer and the hilus, respectively (red asterisks) (Z and AA). As can be seen in Z, AB, and AC, no immature neuroblasts can be observed in this animal surrounding amyloid-␤ plaques nor can immature axons be detected (AD). GCL, granule cell layer; H: hilus; ML, molecular layer. White triangles: 3R-Tau + axons.
